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Abstract
To understand the transport mechanism of the bovine heart mitochondrial ADP/ATP carrier at the atomic level, we
studied the four-dimensional features of the interaction of various purine nucleotides with the adenine nucleotide binding
region (ABR) consisting of Arg151-Asp167 in the second loop facing the matrix side. After three-dimensional modeling of
ABR based on the experimental results, its structural changes on interaction with purine nucleotides were examined by
molecular dynamics computation at 300 K. ATP/ADP were translocated to a considerable degree from the matrix side to
the inner membrane region accompanied by significant backbone conformational changes, whereas neither appreciable
translocation nor a significant conformational change was observed with the untransportable nucleotides AMP/GTP. The
results suggested that binding of the terminal phosphate group and the adenine ring of ATP/ADP with Arg151 and Lys162,
respectively, and subsequent interaction of a phosphate group(s) other than the terminal phosphate with Lys162 triggered
the expansion and subsequent contraction of the backbone conformation of ABR, leading to the translocation of ATP/
ADP. Based on a simplified molecular dynamic simulation, we propose a dynamic model for the initial recognition process
of ATP/ADP with the carrier. 9 2002 Elsevier Science B.V. All rights reserved.
Keywords: Subnanosecond order; Molecular dynamics; Conformational change; Transporter; Mitochondrial ADP/ATP carrier; Bovine
heart mitochondria
1. Introduction
Under physiological conditions, the mitochondrial
ADP/ATP carrier (AAC) mediates the exchange
transport between ADP in the cytosol and ATP in
the matrix space of mitochondria. This carrier con-
sists of three homologous domains, each consisting
of two membrane spanning regions linked by a hy-
drophilic loop facing the matrix [1,2]. We found that,
of the three loops, the ¢rst M1 loop acts as a gate for
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the transport, the second M2 loop as a major bind-
ing site of the transport substrates ATP/ADP, and
the third M3 loop could be associated with the sec-
ondary binding site for the substrates [3^8]. A coop-
erative swing of the paired loops in a functional
dimeric carrier was suggested to be decisively impor-
tant for the transport activity [2,4].
It is very important to understand how the carrier
recognizes the transport substrates leading to their
speci¢c binding and transport. The substrate recog-
nition of the AAC is very strict, transporting ADP/
ATP, but not the monophosphate adenine nucleotide
AMP or the guanine nucleotides GDP/GTP [9],
although they bind to the carrier [10]. Although
Mg2þ-chelated ATP is commonly used as a substrate
of ATP-related enzymes such as ATPases and ki-
nases, the uncomplexed free ATP/ADP are used as
transport substrates for AAC [11,12]. In addition,
the speci¢c transport inhibitor bongkrekic acid
(BKA), and eosin derivatives having very similar
structural and electronic characteristics to those of
the ATP/ADP inhibit transport by binding to loop
M2 more tightly than ATP/ADP [6]. Therefore, mod-
erate binding of ATP/ADP to the binding site in
loop M2 should facilitate their transport, which con-
sists of sequential binding/leaving steps in the AAC.
These sequential events should primarily be achieved
by conformational changes of the segment around
the substrate binding site in loop M2 caused by at-
tachment and detachment of the multivalent anionic
ATP/ADP.
To understand these steps at the atomic resolved
level, we constructed a three-dimensional structural
model of loop M2 of the bovine heart mitochon-
drial AAC by molecular mechanics (MM)/dynamics
(MD) computations, and examined the conforma-
tional change by access of various purine nucleoti-
des by MD computation. The results suggested that
a large extent of conformational change in loop M2
was induced by binding of the transportable sub-
strates ATP/ADP, leading to their subsequent
translocation along the surface of the modeled
loop, but no apparent translocation was induced
with untransportable AMP/GTP. Although such a
modeling inevitably requires several simpli¢cations
and assumptions primarily due to the undetermined
three-dimensional structure of the carrier, our re-
sults should be helpful for understanding the dynam-
ic features of the mechanism by which ATP/ADP are
transported across the inner mitochondrial mem-
brane via the AAC.
2. Methods
2.1. Data base and program
Values of the crystallographic atomic coordi-
nates of proteins and adenine nucleosides were tak-
en from the Protein Data Bank (PDB, http ://
www.rcsb.org/pdb) via the Research Collaboratory
for Structural Bioinformatics (RCSB). Nucleotide
sequences of various AACs and their motifs were
surveyed from the data bases GenBank (http ://
www.genome.ad.jp) and PRINTS (http ://www.
motif.genome.ad.jp) [13], respectively, via Geno-
meNet WWW Server, Institute for Chemical Re-
search, Kyoto University.
The optimized structures and atomic charges of
purine nucleotides were determined by the PM3
semi-empirical method using the molecular orbital
(MO) calculation program MOPAC97 (Fujitsu, To-
kyo, Japan). Molecular modeling and MM/MD
computations were performed using the program
Insight-II/Discover 95.0, Biosym/MSI (San Diego,
CA, USA), on an IRIX system workstation, 4D-
INDY XZ (SGI Japan, Tokyo, Japan). Construc-
tion of the initial conformation of the peptide seg-
ment of AAC was performed as follows. First, ATP
was placed in the extended peptide constituting the
major ATP/ADP binding site, and the folding of
the peptide segment on interaction with ATP was
simulated by MD computation. Then, the bound
ATP was removed and the conformation of the
folded peptide was optimized by MD computation.
Interaction of the purine nucleotides with the pep-
tide segment thus optimized was simulated with the
consistent valence force ¢eld (CVFF) functions of
the molecular mechanical force ¢eld. We adopted a
value of unity as the dielectric constant in the hy-
drophobic environment inside the carrier so as to
reproduce the electrostatic interaction there. We
obtained essentially similar results with a dielectric
constant of 4.
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3. Results
3.1. Optimization of structures of nucleotides
First, we determined the structures of various pu-
rine nucleotides, such as ATP, ADP, AMP and GTP.
The structures of the adenine nucleotides bound to
proteins either uncomplexed or complexed with met-
als were surveyed from PDB. As a result, we ob-
tained the conformations of adenine nucleotides
bound to 72 proteins reported until 1997. The struc-
tures of the bound nucleotides were divided into two
groups; anti-form (trans-form) and syn-form (cis-
form) according to the conformation of the adenine
Fig. 1. Optimized conformations of ATP and GTP. (A) Superimposition of the anti-form of 32 adenine nucleotides bound to various
proteins. (B) Optimized structure of ATP. (C) Optimized structure of GTP. The structures of ATP and GTP were optimized by MO
computation as described in the text.
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ring with regard to the ribose ring. Of these nucleo-
tides, 37 took the syn-form, but their conformations
were diverse. In contrast, of the 35 anti-form nucleo-
tides, the conformations of 32 nucleotides were al-
most the same with regard to the angle between the
planes of the adenine ring and ribose moiety regard-
less of uncomplexed or complexed nucleotides (Fig.
1A).
As anti-forms of ATP/ADP are responsible for the
transport [10,14,15], we analyzed the dihedral angle
C8-N9-C1P-C2P (Fig. 1B) between the adenine and
ribose moieties of these 32 adenine nucleotides, and
determined the mean dihedral angle by the least
squares method. Then, the triphosphate moiety was
attached to this constructed structure of the nucleo-
side, and its structure was optimized by MO calcu-
lation with MOPAC97. The structure obtained with
a dihedral angle of 375.7‡ was taken as the initial
structure of the charged ATP, as shown in Fig. 1B.
The initial structures of ADP and AMP were ob-
tained by replacing the triphosphate moiety of ATP
by the diphosphate and monophosphate moiety, re-
spectively.
The initial structure of GTP was determined by a
similar procedure by optimization of 43 complexed
and uncomplexed GTP bound to proteins, which
took the anti-form, reported until 1997 by a similar
procedure to that of ATP. The results showed that
the structure with the dihedral angle of 372.5‡ (Fig.
1C) was the most stable and this structure was taken
as the initial structure of the charged GTP. We used
these nucleotides for computation of their binding to
the ATP/ADP binding region (ABR) in loop M2 of
the AAC. We found that their complex formation
with metal cations a¡ected the conformations of
their phosphate moieties, but not the conformations
of the purine ring with regard to the ribose ring.
3.2. Characteristics of loop M2
As crystallization of AAC has not yet been suc-
cessful, the exact conformation of loop M2 in the
mitochondrial carrier is unknown. For construction
of the functional conformation of loop M2 of the
bovine heart mitochondrial AAC, we ¢rst surveyed
the sequences of M2 loops of various AAC species
obtained from GenBank [2]. The M2 loops of all the
mammalian AACs including the bovine heart mito-
chondrial AAC were found to consist of 41 amino
acid residues, whereas those of most plants, yeasts
and microorganisms have similar sequences with lon-
ger peptide chains. It is noteworthy that the amino
acid sequences of this loop in all the mammalian
carriers are well conserved with an average of
93.2%, and all start at Asp134 and end at Gln174.
As shown in Fig. 2, all the ¢rst 13 amino acid
residues (Asp134-Phe-Ala-Arg-Thr-Arg-Leu-Ala-Ala-
Asp-Val-Gly-Lys146) are completely conserved, and
the sequences between Arg151 and the ¢nal Gln174
are highly homologous: Thr154 of the bovine carrier
is replaced by either His, Asn, Arg or Lys, Thr161 by
Ala, Ile or Val, and Ile160 and Leu169 by the equiv-
alent amino acid residues Leu and Ile, respectively.
In addition, Asn158 of the type 1 bovine carrier (bo-
vine heart mitochondrial carrier) and rabbit carrier is
replaced by Asp in other mammalian carriers.
Fig. 2. Topogram of the amino acid sequence of loop M2 of
the bovine heart mitochondrial ADP/ATP carrier. Loop M2
consisting of the sequence between Asp134 and Gln174 is ori-
ented so that the sequence Arg151-Asp167 constituting the ABR,
shown in bold face, intrudes into the membrane, and that the
sequences Ala141-Ala142, Ala148-Ala149, Gly155-Gly157 and
Gly168-Gly171 make turns (shadowed regions). The positive and
negative charges are shown by (+) and (3), respectively, and
amino acid residues conserved in the mammalian ADP/ATP
carriers are shown by asterisks. MSR-3 and MSR-4 represent
the third and fourth membrane spanning region, respectively.
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From the amino acid sequence of the M2 loop and
the reported experimental results, the conformation
of this loop of the bovine heart mitochondrial AAC
is expected to have the following features: (1) the
backbone of the segment Lys146-Gly147 is extruded,
whereas those of Lys162-Ile163 and Lys165-Ser166 are
intruded judging from their susceptibility to the pro-
tease lysylendopeptidase [16]; (2) the region around
Cys159 constitutes the ABR, which is intruded into
the membrane, judging from the speci¢c labeling of
Cys159 with the SH reagent EMA and from the in-
hibitory e¡ects of EMA and BKA on the ATP/ADP
binding [3^6,17]; and (3) Lys162 is associated with the
binding to the adenine nucleotides [18]. In addition,
(4) we assumed that the loop turns at segments
Ala141-Ala142, Gly147-Ala149, Gly155-Gly157 and
Gly168-Gly171 owing to the existence of small and
£exible Gly and Ala residues.
Taking into consideration the above features, we
constructed the functional structure of the ABR lo-
cated in loop M2 of the bovine heart mitochondrial
carrier, as shown schematically in Fig. 2. Although
Arg151-Leu172 is reported to constitute the adenine
nucleotide binding motif in database PRINTS [13],
we considered that the more restricted region be-
tween Arg151 and Asp167 is the functional ABR,
and the £exible linkers Ala148-Ala149-Gln150 and
Gly168-Leu169 are attached as anchors of ABR to
Arg151 and Asp167, respectively, to support the £exi-
ble conformational changes of ABR on binding with
nucleotides.
3.3. Initial conformation of ABR
We considered that all the acidic (Glu152 and
Asp167) and basic (Arg151, Lys162 and Lys165) residues
of ABR took the anionic and cationic charges, re-
spectively, but the K-amino group of the N-terminal
Ala148 and the K-carboxyl group of the C-terminal
Leu169 of the linkers took the neutral forms. For
construction of the initial conformation of ABR,
the segment of ABR was extended, and the divalent
anionic PQ of the dehydrated ATP was placed close
to Arg151 to determine the conformation of ABR
complementary to ATP. The PQ interacted with the
cationic guanidyl group of Arg151, leading to confor-
mational change of ABR. The conformation thus
obtained was optional, and the equilibrium confor-
mation at 300 K was determined by MD computa-
tion using the CVFF force ¢eld. Namely, in the ¢rst
1 ps, the initial velocities of the atoms at 0 K was
steadily increased so as to attain the averaged kinetic
Fig. 3. Changes in the potential energy for construction of the
initial conformation of ABR. (A) ATP anion was placed close
to Arg151 in the extended backbone of ABR at 0 K. The time-
dependent change in the potential energy was determined by
MD computation by ¢rst heating to 300 K for 1 ps (heating
stage from 31 to 0 ps) and by equilibration at 300 K for 50 ps
(equilibration stage from 0 to 50 ps). (B) The bound ATP was
removed from ABR at the equilibrium conformation, and the
change in the potential energy was computed at 300 K. The po-
tential energy attained the most stable conformation at 84 ps
shown by the arrow.
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energy corresponding to 300 K (heating stage). Then,
MD computation was further continued for 100 ps at
the rate of 1 fs/step, and the equilibrium conforma-
tion of ABR was determined (equilibration stage).
Fig. 3A shows changes in the potential energy of
ABR in the heating and equilibration stages. It de-
creased to 3300 kcal/mol during the heating stage,
and continued to decrease greatly for about 10 ps in
the equilibration stage. Subsequently, the potential
energy attained thermal equilibrium £uctuating be-
tween 3690 and 3720 kcal/mol after 20 ps. Then,
we removed bound ATP from the ABR segment, and
the total potential energy of ABR including its link-
ers was computed at 300 K until it attained the equi-
librium level. As shown in Fig. 3B, the potential en-
ergy rose to more than 750 kcal/mol on removal of
the bound ATP. As the potential energy of ATP was
computed to be about 31000 kcal/mol, about 470
kcal/mol of the potential energy was gained in the
interaction of ATP with ABR. Further MD compu-
tation of the ATP-released ABR showed that the
potential energy was decreased to about 700 kcal/
mol in the ¢rst 20 ps, indicating that ABR gained
about 50 kcal/mol of potential energy on relaxation
(Fig. 3B). After this period, the potential energy did
not change greatly, showing that ABR attained the
equilibrium conformation. The lowest energy of 676
kcal/mol was observed at 84 ps, and this conforma-
tion was further optimized by MM computation us-
ing the CVFF force ¢eld. We used this optimized
conformation for further studies on interaction with
various purine nucleotides.
As shown in Fig. 4, the equilibrium structure of
ABR was characterized by a turn region at Thr161-
Lys162, the extended C-terminal half (Lys162-Ser166),
and the extended N-terminal half (Arg151-Thr161)
with a kink at Gly155-Leu156-Gly157. Arg151 was lo-
cated close to Asp167 forming a salt bridge, thus
causing the C-terminal region of ABR to be located
close to the N-terminal region. In addition, the O-
amino group of Lys165 was extended close to the L-
carboxyl group of Asp167, and the residues Phe153,
Ile160 and Phe164 came close to form a hydrophobic
cluster, which was mainly responsible for the intra-
loop interaction and separated the charged Arg151,
Lys165 and Asp167 from Lys162. The side chains of
these charged groups as well as the hydrophobic
cluster projected to the outside of the C-terminal
half, whereas the Q-carboxylic side chain of Glu152
was projected to the outer side of the N-terminal
half at a position close to the kink. Owing to the
isolation of the cationic Lys162 by the hydrophobic
Fig. 4. Equilibrium conformation of ABR. The equilibrium conformation of ABR was determined by MD/MM computation as de-
scribed in the legend of Fig. 3. For details, see text.
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cluster, its side chain retained high £exibility, where-
as the motional freedom of the other cationic sites
Arg151 and Lys165 located on the other side of Lys162
was restricted due to interaction with the anionic
Asp167.
3.4. Interaction of ATP and ADP anions with ABR
Interaction of the ABR with the quadrivalent neg-
atively charged ATP anion was examined by MD
computation at 300 K based on the assumption
that the interaction proceeds in the hydrophobic
membrane. We considered that the salt bridge be-
tween Arg151 and Asp167 and the linker segments of
ABR were extruded to the matrix side, and the turn
segment Thr161-Lys162 was intruded into the mem-
brane. The direction of the salt bridge to the turn
region was taken as the transmembrane axis.
Namely, this axis was oriented perpendicular to the
plane of the phospholipid bilayer membrane.
We examined which ATP orientation with regard
to ABR was most favorable for access of ATP to the
outer cationic site Arg151. The inertial axis of ATP
and the transmembrane axis are shown in Fig. 5A
and B, respectively. We took the orientations of the
inertial axis of 0‡ (parallel), 90‡ (perpendicular), 180‡
(antiparallel) and 270‡ (perpendicular) to the trans-
membrane axis as 0‡, 90‡, 180‡ and 270‡ orienta-
tions, respectively. We placed the ATP anion at var-
ious orientations in such ways as those shown in Fig.
5B at the position 5 AT from Arg151. In the case of the
0‡ orientation, the divalent negative PQ moiety of
ATP instantly interacted with Arg151, and subse-
Fig. 6. Change in the potential energy of ABR on binding with
ATP. The adenine ring of the ATP anion in the 0‡ orientation
was placed close to Arg151 of ABR, and the time-dependent
change in the potential energy was determined by MD compu-
tation at 300 K. The change consisted of three steps, and the
initiations of steps 2 and 3 are shown by arrows.
Fig. 5. Orientation of the ATP anion for binding to ABR. (A) Conformation of the ATP anion. The vector from the phosphate chain
to the adenine ring was taken as the inertial axis, and the axis is depicted as an arrow. (B) The ATP anion is placed close to the N-
and C-terminal regions of ABR. The angle indicates the inertial axis of ATP with regard to the transmembrane axis of ABR.
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quently the adenine ring was translocated close to
Lys162. In the cases of 90‡, 180‡ and 270‡ orienta-
tions, the PQ moiety of ATP always bound to Arg151
just after placing them close to ABR. However, it
took much longer for the adenine ring to approach
Lys162, possibly because rotational freedom of the
adenine ring around the Arg151-PQ axis in these
orientations is higher than that in the 0‡ orienta-
tion. Therefore, the orientation of ATP parallel to
the transmembrane axis (0‡ orientation) was re-
garded to be the most suitable for interaction
with ABR. It is possible that the ATP anion binds
to the ABR to take this orientation in the transport
process.
The change in the potential energy of ABR on
binding with ATP at the 0‡ orientation is shown in
Fig. 6. We found that the change consisted of three
steps. Namely, it decreased to 3580 kcal/mol in 4 ps
(step 1), then to 3680 kcal/mol in 62 ps (step 2), and
¢nally it attained the equilibrium energy of 3715
Fig. 7. Snapshots of ATP interaction with ABR. Changes in the side view conformation of ABR on interaction with ATP at 300 K
are shown. The adenine ring of ATP at 0‡ orientation was placed 5 AT apart from Arg151, and their thermal £uctuation was deter-
mined by MD computation. Backbone and side chains of ABR are shown by ribbon and stick models, respectively. The side chain of
Lys162 is thickened. The ATP anion is shown by a space-¢lling model.
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kcal/mol after 62 ps (step 3). It is noteworthy that a
sharp energy change took place in step 1 possibly
due to stable complex formation of ATP with
ABR. The results of time-dependent conformational
changes of ABR by binding with ATP are shown in
Fig. 7. In addition, changes in distances of the phos-
phate, ribose and adenine moieties of the ATP anion
with the amino acid residues of ABR relevant to the
interaction, and those between particular amino acid
side chains concerned with conformational changes
are shown in Fig. 8.
In step 1, after placing the adenine ring moiety of
the 0‡-oriented ATP at a position 5 AT away from the
salt bridge between Arg151 and Asp167, the anionic PQ
of ATP instantly bound to Arg151 (4.2 AT ) in the N-
terminal half of ABR, and this binding caused inter-
action of PL/PK with Lys165 (4.0 AT ) in the C-terminal
half (4 ps in Fig. 7). Lys165 ¢rst located close to
Fig. 8. Changes in distances between the ATP anion and amino acid residues of ABR, and those between amino acid residues of
ABR. After placing the ATP anion close to ABR (0 ps in Fig. 7), changes in the distances concerned with the following groups of
ATP and ABR were determined as a function of time. The groups of ATP concerned with the binding to ABR are the PK, PL and
PQ atoms of phosphates, the N(1)-atom of the adenine ring, and the O(4P)-atom of the ribose ring. The amino acid residues of ABR
associated with binding to ATP and those with intra-loop interactions are the guanidyl C-atom of Arg151, the N-atoms of the O-amino
groups of Lys162 and Lys165, and the C-atom of the Q-carboxyl group of Asp167.
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Asp167 (3.7 AT ) detached from Asp167 (4.5^7.0 AT ) on
binding with PL/PK. At 4 ps, the partially negatively
polarized N(1) moiety of the adenine ring [6] inter-
acted with Lys162 (3.8 AT ) after rounding about the
hydrophobic cluster consisting of Phe153, Ile163 and
Phe164 from the position of Arg151, and this interac-
tion decreased the £exibility of the side chain of
Lys162. Then, the in£exible Lys162 attracted the
Lys165-bound PL/PK.
In step 2, this interaction of PL/PK with Lys162
resulted in the translocation of the phosphate-bound
Arg151/Lys165 toward Lys162 in the turn region (10^60
ps in Fig. 7). This inward movement of Arg151 trig-
gered dissociation of the hydrophobic cluster and
intra-loop interactions between the N-terminal and
C-terminal halves, resulting in a change in the back-
bone conformation. A signi¢cant outward de£ection
of the backbone structure of the N-terminal half
caused rearrangement of the interaction between
ATP and ABR, leading to a wide range of translo-
cation of ATP. The N-terminal half thus gained mo-
tional freedom and £uctuated greatly, but £uctuation
Fig. 9. Schematic representation of interaction of various purine nucleotides with ABR. The three-step interaction of ATP (A), AMP
(B) and GTP (C) with ABR is summarized schematically. P, phosphate group; S, ribose ring; A, adenine ring; G, guanine ring. The
backbone conformation of ABR is shown by a simpli¢ed ribbon model, and the hydrophobic cluster is shadowed. Side groups of the
residues Arg151 (R151), Lys162 (K162) and Lys165 (K165) are shown by solid lines, intermolecular interaction by bold lines, and the di-
rection of the undergoing translocation by arrows.
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of the C-terminal half was smaller owing to its bind-
ing to the ATP molecule.
In step 3, the N-terminal half gained access to the
C-terminal half by thermal £uctuation, leading to the
folded conformation without containing a hydropho-
bic cluster (70 ps in Fig. 7). This folding caused
translocation of the PQ-bound Arg151 and PL/PK-
bound Lys165 to the more inner side of the mem-
brane, accompanied by further translocation of the
phosphate groups and adenine ring. Hence, Lys162
was transferred to the inner side of the membrane
together with the bound adenine ring and PL/PK (70^
100 ps in Fig. 7), causing intrusion of the ATP anion
into the inner membrane side. Accordingly, translo-
cation of ATP from the matrix side to the membrane
took place. No further change in the location of ATP
was observed by further computation for 1 ns, show-
ing that the interaction of ATP with ABR attained
the equilibrium state. The change in the location of
ATP on interaction with ABR is schematically sum-
marized in Fig. 9A. We obtained a similar transloca-
tion of ATP induced by a change in the conforma-
tional changes of ABR with the optimized initial
structure of ABR constructed in a way to make a
turn at the region around Cys159 in the absence of
ATP.
As shown in Fig. 10, essentially similar features
were observed on the interaction of ADP with
ABR. However, the £uctuation of the N-terminal
half triggered by binding of PK and the adenine
ring with Lys162 took place more rapidly than that
of ATP (compare 4 ps of Figs. 7 and 10), and the
magnitude of ABR conformational £uctuation was
smaller than that induced by ATP, possibly due to
the weaker electrostatic e¡ect of the anionic diphos-
phate moiety of ADP than that of the triphosphate
moiety of ATP on the cationic residues Arg151 and
Lys162.
Fig. 10. Snapshots of ADP interaction with ABR. For details, see the legend of Fig. 7.
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3.5. Interactions of untransportable AMP and GTP
anions with ABR
We determined the time-dependent change in the
conformation of ABR on interaction with the mono-
phosphate nucleotide AMP, as shown in Fig. 11.
Access of the AMP anion to the ABR did not take
place instantly after placing the adenine ring of AMP
at 0‡ orientation 5 AT apart from Arg151 of the ABR.
For less than 8 ps, the AMP anion £uctuated keep-
ing the distance between the terminal divalent
anionic PK and the cationic Arg151 constant. At 8
ps, the PK anion bound to both Arg151 and Lys165.
AMP £uctuated centered at Arg151/Lys165-bound ter-
minal PK for more than 20 ps. In contrast to the
instant binding of the adenine ring of ATP/ADP
with Lys162, it took about 30 ps for the adenine
ring of AMP to bind to Lys162, possibly because
the opportunity for the adenine ring to come close
to this £exible cationic site was less than those of
ATP/ADP due to its shorter distance between the
terminal phosphate and the adenine ring than those
of the transportable ATP/ADP. Unlike ATP/ADP,
the adenine-bound Lys162 did not induce inward
movement of Arg151/Lys165, because AMP does not
have an extra phosphate group(s) other than the ter-
minal phosphate group to interact with Lys162.
Hence a backbone conformational change of ABR
and subsequent destruction of the hydrophobic clus-
ter were not induced. As a result, AMP was ¢xed to
ABR in step 1 in such a way that PK bound to
Arg151/Lys165 and the adenine ring to Lys162. Hence,
no further translocation took place in step 2 (40 ps in
Fig. 11). Although we continued MD computation
up to 1 ns, no change was observed. The interaction
of AMP with ABR is schematically summarized in
Fig. 9B.
Next, we examined the interaction of the guanine
nucleotide GTP with ABR, as shown in Fig. 12. The
terminal PQ group and the linking PL/PK instantly
bound to Arg151 and Lys165, respectively, as observed
with ATP/ADP (4 ps in Fig. 12). However, the gua-
Fig. 11. Snapshots of AMP interaction with ABR. For details, see the legend of Fig. 7.
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nine ring was unable to interact with either Lys162 or
any other amino acid residues of ABR (8 ps), be-
cause the electrostatic potential at the N(1) moiety
of the guanine ring took partially positive polarity,
contrary to the negative polarity of the correspond-
ing moiety of the adenine ring [6]. As the guanine
ring did not interact with Lys162, relaxation of the
backbone conformation did not take place, and the
locations of Arg151/Lys165 were not altered. On the
other hand, the guanine ring, which £uctuated freely
anchored by the bound phosphate groups, did not
a¡ect the motional freedom of the side chain of
Lys162. Then, the Lys165-bound anionic PL/PK at-
tracted the £exible Lys162, causing outward translo-
cation of the side chain of Lys162 toward the position
of Arg151/Lys165 (after 4 ps in Fig. 12), contrary to
the inward movement of Arg151/Lys165 in the case of
ATP/ADP. Accordingly, the translocation process of
GTP terminated the ¢rst stage of step 2, as summa-
rized in Fig. 9C. As in ADP, we did not observe any
change by computation up to 1 ns.
4. Discussion
We studied the interactions of various purine nu-
cleotides with ABR in a model of the M2 loop. As
the M2 loop is intruded into the membrane, its inner
side could be in the hydrophobic environment. The
initial structure of ABR constructed by MD compu-
tation showed that the backbone of ABR turned at
Thr161-Lys162, Arg151 formed a salt bridge with
Asp167 acting as a knot of the ABR, Lys165 was lo-
cated close to Asp167, and the closely located phenyl
rings of Phe153 and Phe164 were projected outward of
the loop. Beyond the hydrophobic cluster from this
salt bridge, there was the cationic Lys162 having a
£exible O-amino group. We examined whether trans-
locations of various purine nucleotides took place
from the extruded salt bridge in the inner direction
of the membrane on binding with ABR.
We found that translocation of ATP/ADP took
place, but no appreciable translocation was observed
with AMP/GTP. As summarized in Fig. 9, induction
Fig. 12. Snapshots of GTP interaction with ABR. For details, see the legend of Fig. 7.
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of the backbone conformational change of ABR was
closely associated with the translocation of ATP/
ADP. Interactions of ATP/ADP anion with ABR
were characterized as follows: (1) binding of the
anionic phosphate groups with the cationic Arg151
and Lys165, (2) binding of the adenine ring with
Lys162, (3) induction of translocation of the phos-
phate-bound Arg151 toward the turn region, (4) re-
laxation of the N-terminal half region of the ABR
loop, and (5) translocation of ATP/ADP to the more
inner side of the membrane induced by folding of
ABR. As a result, the anions of ATP/ADP were
translocated from the outer region to the inner re-
gion of the ABR.
In contrast, the divalent negative PK and the ad-
enine ring of AMP consistently bound to Arg151 and
Lys162, respectively. By these interactions, AMP
formed a stable complex with ABR. Hence, no fur-
ther transport took place. In the case of GTP, the
guanine ring could not bind to Lys162, because the
electrostatic potential at the N(1) moiety of the gua-
nine ring is positive [6], although the anionic PQ in-
teracted with Arg151. Accordingly, Lys162 retained
high £exibility and its side chain extended toward
Arg151/Lys165-bound phosphate groups unlike the in-
ward movement of Arg151/Lys165 in the cases of
ATP/ADP. Thus, translocation of GTP did not
take place.
In view of these results, Arg151 and Lys162 acting
as cationic sites and the hydrophobic cluster consist-
ing of Phe153, Ile160 and Phe164 acting as the stabilizer
of inter-loop interaction were suggested to be impor-
tant for translocation of ATP/ADP. Arg151 is the
¢rst cationic attacking site of the terminal phosphate
group, and translocation of phosphate-bound Arg151
toward the inner turn region of ABR triggered the
relaxation of the N-terminal half of ABR. Lys165 was
thought to play an auxiliary role to Arg151 in binding
with the linking phosphate group(s). The hydropho-
bic cluster itself played a role as an insulator of the
second cationic site Lys162 from the charged Arg151,
Lys165 and Asp167. Thus, Lys162 remained unoccu-
pied without forming any salt bridge with the anionic
residue(s). By losing £exibility of its side chain by
binding with the adenine ring, Lys162 was enabled
to attract Arg151/Lys165-bound phosphate groups.
In the interaction of GTP with ABR, the side chain
of Lys162 was highly £exible, because the guanine
ring did not interact with Lys162. Hence, the O-amino
group of Lys162 was extended to the phosphate-
bound Arg151/Lys165. Accordingly, interaction of pu-
rine bases with Lys162 was responsible for transloca-
tion of the purine nucleotides. It is noteworthy that
the cationic Lys162 distinguished the partially polar-
ized negative N(1) moiety of the adenine ring from
the corresponding partially positive polarized N(1)
moiety of the guanine ring.
In the present modeling study, the computation
was carried out without considering the e¡ects of
hydration/dehydration, because the interaction of
the purine nucleotides with ABR should take place
in a hydrophobic environment. Consequently, elec-
tric attraction and repulsion were emphasized. The
importance of the electrostatic interaction has been
proposed previously [15,19^24].
No signi¢cant interaction of the ribose moiety of
ATP/ADP with ABR was observed. This result
seems to be inconsistent with the previous observa-
tion that the transport activity of 2P-deoxy-ATP was
as low as about 15% of that of ATP [15]. However,
this could be associated with an increase in the £ex-
ibility of the purine ring of the 2P-deoxy-ATP due to
the lack of the 2P-OH group. As suggested [14], it is
possible that the orientation of the purine ring favor-
able for transport of ATP/ADP is regulated by the
steric e¡ect of the 2P-OH group besides the possible
role of the hydrogen donor/acceptor. In addition,
lower transport of formycin A diphosphate (8-aza-
9-deaza-adenosine diphosphate) than ADP [15] could
be related with the di¡erence in the £exibility of the
nucleotide bases. These possibilities are worth further
examination for full understanding of the mechanism
of transport through AAC.
As the dimeric AAC is thought to be a functional
unit [2,5,25], ATP/ADP could be translocated
through the outer rim of the transport path consist-
ing of the paired M2 loops. Our present results
seemed to be favorable for this type of translocation.
Studies on the translocation of ATP/ADP through
the paired transport path are underway.
In our present modeling study, the backbone con-
formational change of ABR took place in 100 ps at
300 K, and no further change was observed up to
1 ns, suggesting that interaction of ATP/ADP with
another AAC component is necessary for their fur-
ther translocation. A similar subnanosecond time
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scale of conformational changes is observed with
peptide segments of enzymes, such as ribonuclease,
lysozyme and cytochrome b5 in NMR studies [26^
28]. However, this time scale is much smaller than
that required for entire enzymatic reactions and
transport processes, because these biological activ-
ities consist of multiple steps including cooperative
conformational changes, solvation/desolvation and
di¡usion processes. Therefore, the results of our
modeling study should represent one of the unit steps
at the submolecular level in the speci¢c translocation
of ATP/ADP among various purine nucleotides, and
hence, they are helpful for understanding the whole
transport process operating in the AAC.
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